Using angle-and time-resolved two-photon photoelectron spectroscopy we observe a single series of image-potential states of graphene on monolayer (MLG) and bilayer graphene (BLG) on SiC(0001). The first image-potential state on MLG (BLG) has a binding energy of 0.93 eV (0.84 eV). Lifetimes of the first three image-potential states of MLG are 9, 44 and 110 fs. On hydrogen-intercalated, quasifreestanding graphene no unoccupied states are observed. We attribute this to the absence of occupied initial states for direct transitions into image-potential states at photon energies below the work function used in two-photon photoemission. The work function varies between 4.14 and 4.79 eV, but the vacuum level stays ∼4.5 eV above the Dirac point for all surfaces studied. This finding suggests that direct excitation of image-potential states cannot be achieved by doping and the electron dynamics for free-standing graphene is not accessible by two-photon photoemission using photon energies below the work function.
Introduction
The electronic structure of graphene and its interaction with an underlying substrate are a topic of wide scientific interest. Most studies have focused on electronic states in the proximity of the Fermi level at the K-point (Dirac point) of the Brillouin zone [1] [2] [3] [4] . Few studies have dealt with unoccupied states around the center of the Brillouin zone [5] [6] [7] [8] [9] [10] [11] . The imagepotential states, which are found in this region 0.85 eV below the vacuum level in case of metal substrates, can serve as a probe for electronic corrugation [8] or the efficiency of charge screening [10, 12, 13] by the graphene layer. The lifetimes of the image-potential states for graphene on metal substrates are comparable to the ones on metal surfaces [8] [9] [10] . Strong coupling to the metal substrate prevents the study of the decay of the image-potential states into states around the Dirac cone. Graphene on a wide band-gap semiconductor like silicon carbide is expected to have fewer decay channels to the substrate which should lead to increased lifetimes of the image-potential states compared to metal substrates. Decoupling the graphene layer further from the substrate by hydrogen intercalation offers the possibility to study quasi-freestanding graphene (QFG) [14, 15] . Electrons in the imagepotential states can then decay only into states near the Dirac point. The expected low decay rate opens the perspective to generate a free-electron gas surrounding the graphene sheet.
One unique feature of two-dimensional trulyfreestanding graphene is an additional splitting of the series of image-potential states resulting in a double series of states with odd and even symmetry with respect to the graphene layer [5] . In case of graphene bound to a surface the symmetry is broken and a single series is observed in front of graphene on noble-metal surfaces [9, 10] . In case of graphene/Ru(0001) a double series of image-potential states appears, but was attributed to the strong corrugation of the graphene layer [7, 8] . An additional feature ≈0.5 eV below the first image-potential state was also observed in scanning tunneling spectroscopy on graphene/SiC(0001) [6, 12, 16] . The origin of this feature, however, is ambiguous. On the one hand, using model calculations it was attributed to the counterpart split-off by symmetry of the first image-potential state [6] . On the other hand, it does not give rise to a clear signature in dI/dZ tunneling spectra and was therefore interpreted as a bulk feature [16] . Takahashi et al studied the image-potential states for graphene on SiC(0001) with two-photon photoemission and found a splitting assigned to odd and even states [17] . The splitting was not observed in a later study for BLG [18] .
One aim of this study was to investigate the imagepotential states on QFG since samples of truly freestanding graphene sufficiently large for 2PPE measurements are not available. For comparison we performed also angle-, energy-and time-resolved two-photon photoemission experiments (2PPEs) on monolayer (MLG) and bilayer graphene (BLG) on SiC (0001) in order to clarify the discrepancies of previous studies [6, 17, 18] . Three unoccupied states are observed on MLG which are well-described by a single series of image-potential states. After the discussion of energetics and dispersion, we present the results of the time-resolved measurements. Experiments on hydrogen-intercalated, QFG show no image-potential states. We attribute this to the lack of initial states to directly excite the image-potential states with 2PPE photon energies below the work function. The discussion of the work function of the various samples in relation to the energy of the Dirac point shows that a suitable excitation channel cannot be opened by doping.
Experiment
2PPEs were conducted using two slightly different setups, both consisting of a pulsed laser source and an ultrahigh vacuum chamber equipped with hemispherical electron analyzers and LEED optics for sample characterization and orientation. Since all observed surface states are isotropic within the experimental resolution, the sample azimuth will, however, not be discussed further in this paper.
Experiments in Erlangen were conducted using a Ti:sapphire oscillator with a repetition rate of 90 MHz at a wavelength of 800 nm. This fundamental wavelength as well as its third harmonic were applied in 2PPE experiments. The hemispherical analyzer (Omicron EA125-HR) uses seven channeltrons for electron detection. The energy-resolution was set to 34 meV, the angular resolution is 1.6
• . For details see [19] .
The laser setup in Berlin is also based on a Ti:sapphire oscillator. After amplification of the initial laser pulse the pump-and probe pulses are generated using two independent optical parametric amplifiers. Experiments were conducted at pump photon wavelengths of 294-297 nm and at probe photon wavelengths ranging from 514 to 600 nm with a repetition rate of 200 kHz. Electrons are detected by a twodimensional detector of a SPECS PHOIBOS 100 hemispherical analyzer set to an angular resolution of 0.25
• and an energy resolution of 40 meV. For details see [20] . The work function was determined from the kinetic energy of the low-energy cutoff of the spectra. The work function of the entrance aperture of the analyzers (4.3 eV) was lower than the one of some samples. Therefore, the samples were negatively biased relative to the analyzer. By taking spectra for various bias voltages the correct cutoff and work function of the samples was determined.
Samples were measured at room temperature. One set of spectra was obtained for various laser intensities with a MLG sample cooled down to 90 K. No shift in the spectra was observed and we can exclude any photovoltage effects [21] in the present experiments.
Graphene was obtained on the silicon-terminated side of n-type (nitrogen concentration of 1 × 10 18 cm
) 6H-SiC by sublimation growth in argon atmosphere [22] [23] [24] . To that end, on-axis oriented SiC(0001) samples were annealed in 900 mbar argon atmosphere at various temperatures between 1425°C and 1650°C. Depending on the temperature, the SiC substrate is then covered by the so-called buffer layer with 6 3 6 3 ( ) R30°periodicity, monolayer graphene on the buffer layer (MLG), or BLG on the buffer layer [15, 24, 25] . Details about the preparation are given in [15, 22, 24, 25] . Hydrogen intercalation [14] was performed by annealing the samples in an atmosphere (p H 2 = 970 mbar) of molecular hydrogen. This process decouples the buffer layer from the SiC substrate. As a result, the buffer layer is converted into so-called quasi-freestanding monolayer graphene (QF-MLG). When starting from MLG, i.e. a monolayer of graphene on the buffer layer, QF-BLG is obtained. Following preparation the samples were characterized with x-ray photoelectron spectroscopy (XPS) using a SPECS PHOIBOS 150 MCD-9 analyzer in conjunction with a monochromatized Al K α source (SPECS Focus 500) in order to determine the coverage.
Prior to all measurements, the ex situ prepared samples were annealed at 350°C-420°C to assure that all contaminations from exposure to air had been removed. We did not observe any changes in the spectra after prolonged measurements excluding hydrogen desorption or other sample degradation due to the laser irradiation.
Results and discussion

Monolayer graphene
Angle-and energy-resolved 2PPE data from MLG recorded at photon energies of (4.22 + 2.11) eV are given in figure 1(a). The energy scale refers to the intermediate-state energy relative to the Fermi level E F . Two upward-dispersing parabolic bands are observed which are UV-pumped as will be shown later. Peak positions were extracted from fits to energy-distribution curves (vertical cuts through figure 1(a)) taking into account two Gaussian-shaped peaks and an exponential background. Examples of energy distribution curves recorded at normal emission using different photon energies and corresponding fit curves are shown in figure 1(c). In addition to the prominent image-potential states a low-energy component with lower intensity appears 0.43 eV below the n = 1 state in the spectra. A similar lowenergy component has been observed in field-emission resonances using scanning tunneling spectroscopy and has been attributed to an image-potential state located between the silicon carbide surface and the graphene layer [6, 12, 16] . Due to the low intensity on a large background the dispersion of the low-energy component cannot be determined reliably from our data. The spectra indicate an almost constant peak energy. A free-electron-like dispersion characteristic for image-potential states can be excluded. Therefore, we cannot confirm the assignment of the scanning tunneling spectroscopy work.
Results of fits to two sets of spectra recorded with different photon energies at different experimental setups are given by red crosses and black circles in figure 1 (b). The data are fitted by parabolas and the fit parameters are listed in table 1 as energy E n and effective mass m n * in units of the free electron mass m e . The three image-potential bands exhibit effective masses close to the free-electron mass. These states are energetically pinned to the vacuum level of MLG. In order to extract the position of the vacuum level we determine the low-energy cutoff in the photoemission spectra as shown in figure 4(a) . We find a work function of the MLG sample of 4.14 eV. This value, however, gives the average work function of the surface [26] , which we assume to be formed by graphene domains but also by the bare SiC(0001)-6 3 6 3 substrate as indicated by XPS measurements from which a graphene coverage of 0.8 monolayers is found. The local work function of MLG can be extracted from the binding energy of the image-potential states, which is described by a Rydberg-like series:
where n is the quantum number, E n is the binding energy of the nth image-potential state, E vac is the vacuum level and a is the quantum defect. For a = −0.044, equation ( Electronic band structure as extracted from fits to energy distribution curves (c). Table 1 . Energies E n , effective masses m n and lifetimes τ n of the nth image-potential state for MLG. The energies are given relative to the Fermi energy E F and as binding energies relative to the extrapolated work function Φ = 4.05 eV. excellently describe the energy spacing between the peaks observed in the experiments. The negative value of a is a consequence of the two-dimensional character of graphene in contrast to a surface terminating a bulk metal with three-dimensional periodicity, where 0 a 0.5. However, a < 0 has been observed in case of metallic quantum-well structures [27, 28] and predicted for freestanding graphene [5, 13] .
The series of image-potential states converges towards a work function of 4.05 eV, which we attribute to the local work function of the graphene domains. The observed average work function of 4.14 eV of the sample is an average over graphene-covered and bare SiC(0001) with a work function of 4.49 eV [29] consistent with a coverage of 0.8 in perfect agreement with the XPS data. Note, that the underlying SiC(0001)-6 3 6 3 substrate does not give 2PPE features under the present experimental conditions [29] . Thus, if present, areas of the substrate do not contribute to the 2PPE signal of the image-potential states. A recent study reported 2PPE from imagepotential states on the buffer layer [18] . Considering the weak signal and the reported energy and work function values the emission could be attributed to small MLG areas on the buffer layer.
Takahashi et al [17] observed the three lowest image-potential states on MLG with similar binding energies as listed in table 1. However, they find a splitting of the n = 1 image-potential state in two components which they assign to the even and odd states predicted for freestanding graphene [5] . An additional peak observed in scanning tunneling spectra for MLG was interpreted as a signature of the even imagepotential state [6] . The alternative interpretation of the two n = 1 image-potential states arising due to incomplete MLG coverage was not considered [17] . Such an interpretation seems plausible, because the binding energies of the higher image-potential states reported in [17] deviate from equation (1) in particular for biand trilayer graphene. Figure 2 shows the projected bulk band structure (gray areas) of the 3 3 R30
• SiC surface [31] .
The surface and interface bands are plotted as solid curves in the band gap. Arrows indicate the two-photon photoemission transitions via the image-potential bands measured in this work. The arrows to the left of G correspond to photon energies of 4.22 and 2.11 eV used to measure the n = 1 image-potential state. With photon energies of 4.65 and 1.55 eV (arrows right of G) only the n 2 image-potential states could be observed, because of the large one-photon photoemission background in the energy range of the n = 1 state. For both transitions the initial states are located in the band gap. Note that this statement holds also for the correct band gap of SiC which is underestimated in the calculation [30, 31] . Nevertheless a significant population in the image-potential could be reached in the pump process and a good 2PPE signal was measured. One explanation could be defect states in the band gap. An alternative could be the backfolding of the bands of the calculated 3 3 R30
• surface to take into account the 6 3 6 3 reconstruction of the terminating carbon layer (buffer layer) observed in experiment. This would bring states from the Dirac cone of the graphene layer close to the G point where they could serve as initial states for the 2PPE transitions. These backfolded bands are not observed in photoemission spectra [32] which might be attributed to the photon energy used and a possibly low intensity. Note that for the SiC -6 3 6 3 surface no imagepotential states were observed [29] . This surface has a large absolute band gap [30, 31] and no initial states are available from which the image-potential state could be pumped.
As mentioned above, the image-potential states are pumped by the UV laser pulse in the two-color pump-probe experiment. Time-resolved spectra are given in figure 3 . The long-lived traces of the imagepotential states are overlaid by a short-lived background caused by hot electrons which are excited near the Fermi level. This background is also found in the energy distribution curve shown in figure 1(c) . It complicates the determination of the lifetime of the first image-potential state, which is close to the experimental accuracy. The higher-lying states, however, exhibit exponentially decaying populations. Their lifetimes increase with quantum number n as it is characteristic for image-potential states. Extracted lifetimes are listed in the last column of table 1 . Similar values for the lifetimes have been reported for BLG [17] and three-layer graphene [18] . Decay rates (inverse lifetimes) depend approximately linearly on the binding energy as has also been reported for graphene/Ir(111) [9] . Alternatively, the experimental ndependence can be written as τ n = (n + a) 2 × 12 fs using equation (1) . The image-potential states on MLG are short-lived compared to the case of noblemetal surfaces [33] or graphene on noble-metal surfaces [10] . Those surfaces exhibit lifetimes which are larger up to a factor of four. Neither the graphene layer, nor bulk silicon carbide provide a significant density of unoccupied states in the proximity of the Fermi level, which might serve as decay channels. Phonon-assisted transitions [34] can be neglected, because electron-phonon coupling in image-potential states is rather weak [35] . Hence the short lifetime is attributed to decay to interface states in the metallic SiC(0001)-6 3 6 3 buffer layer [30, 31] and/or to tunneling into SiC bulk conduction bands through the buffer and graphene layers.
Bilayer and QFG
Energy-resolved 2PPE spectra recorded at normal emission from mono-and BLG on SiC(0001) and on SiC(0001)-H are given in figure 4. The energy scale refers to the final-state energy relative to the Fermi level E F in order to have a common scale for UPS and 2PPE data. After subtracting the probe photon energy one obtains the intermediate-state energy for comparison to the 2PPE data of figure 1. Monolayer graphene shows a single Rydberg-like series of image-potential states, while in the spectra of BLG an additional feature appears, most obvious after background subtraction (a), (b). The spectrum of BLG can be understood by taking into account sample inhomogeneities as indicated by an average coverage of 1.8 monolayers which is found from XPS experiments. Hence single-and bilayer domains are expected to coexist on the surface.
We attribute the spectral features which are present in energy distribution curves from both MLG and BLG to states located on the MLG areas. The additional peak at 0.23 eV higher energy in the BLG spectrum is attributed to the first image-potential state of BLG. Its binding energy with respect to the vacuum level is 0.84 eV, taking into account the 0.135 eV higher work function of BLG compared to MLG [36] . The former value is slightly smaller than in previous reports [17, 18] , but in good agreement with results for graphite [37, 38] and metal substrates [9, 10] . The observed average work function of the bilayer sample of 4.14 eV is indeed below the extrapolated work function of BLG of 4.19 eV, since MLG domains with a lower work function are also present on the surface. The average work function indicates a graphene coverage of 1.7 monolayers in good agreement with the XPS data. At a coverage of 1.8 monolayers the surface is mostly covered by BLG domains, but the imagepotential state of BLG appears less intense in the spectra than the MLG-related one. This effect is related to the pump process in 2PPE: both graphene and silicon carbide lack electronic states in the energy range 1.5 eV below the Fermi level which are required to optically excite electrons to the image-potential states. Only the SiC(0001) -6 3 6 3 buffer layer provides these states through a high density of dangling-bond-related interface states [30, 31] . With increasing layer thickness, the overlap between these initial states and the image-potential states vanishes, resulting in a reduction of the matrix element for the initial to intermediate state transition.
The influence of these interface states also explains the 2PPE spectra of QFG (QF-MLG and QF-BLG in figures 4(c), (d) ). The absence of spectroscopic features from image-potential states gives evidence of the absence of electronic states in the proximity of the Fermi level which are required as initial states in the pump process. The absence of defect-related metallic interface states was also observed directly using photoemission experiments. The absence of clear 2PPE features hence supports our interpretation of the interlayer states of the SiC(0001)-6 3 6 3 buffer layer serving as initial states in the 2PPE process. These states are saturated by hydrogen intercalation [14, 15] , which is reflected in the increased carrier mobility, reduced electron-phonon coupling [39] and slight p-type doping [40] .
At the center of the Brillouin zone the σ bands located ≈3.5 eV below the Dirac point of graphene [5, 41] are the closest states for a direct excitation of the imagepotential states. Since image-potential states are pinned to the vacuum level, one might speculate whether the direct excitation from the σ bands using 2PPE photon energies could be facilitated by a suitable lowering of the work function. To explore this idea we studied the work function and Dirac-point energies for the different samples as discussed in the following section.
Work function
Photoemission experiments yield absolute values for the work function. This information is important for image-potential states which are referenced to the vacuum level. Other techniques such as Kelvin probe or low-energy electron reflectivity measure contact potential differences and rely on a reference calibration for absolute values of the work function. Note that some photoemission work on graphene determines the work function by extrapolating the low-energy cutoff down to zero without taking the shape of the cutoff and the energy resolution of the analyzer into account. Such a data analysis may be used for a rough estimate of work-function changes [42, 43] . In table 2 the work function measured for the various samples studied in this work are listed. The work function difference between BLG and MLG is obtained as 0.14 eV in good agreement with results from Kelvin probe force microscopy under UHV conditions [36] and from calculations [44] . For QFG the work function of QF-BLG is 0.16 eV lower than for QF-MLG as measured by 2PPE.
For pristine as compared to hydrogen-intercalated QFG the work function change has opposite sign when going from MLG to BLG. This can be explained by the fact that the work function has to approach the value 4.49 eV of graphite [47] for many layers of graphene. For pristine and QF monolayer graphene the work function is above and below this asymptotic value, respectively. The resulting charge transfer therefore has opposite sign. Figure 5 shows the work function of BLG versus monolayer graphene for various substrates. Absolute work function data for graphene bilayers are scarce and only one other value for TaC (111) could be found [48] . For graphite a work function of 4.49 eV was reported recently [47] in good agreement with other work [37, 49] . Obviously, the work function for graphene on graphite must be identical to the one of graphite implying a chemical shift of zero. For the polar SiC and TaC substrates the polarization charges contribute to the doping of the first graphene layer [40] . This contribution does not change on the addition of a second graphene layer [25] and the chemical shift can be neglected for the bilayers. The experimental data follow quite well the prediction of the capacitor model, where the work function difference leads to surface doping [50, 51] . A similar dependence has been calculated by density functional theory [52] .
The charge transfer can be quantitatively related to the energy of the Dirac point relative to E F controlled by the doping level of the graphene. Table 2 includes a column for the energetic position of the Dirac point E D for the different surfaces taken from the literature [14, 25, 45, 46] . The energy difference between vacuum level and Dirac point is 4.41 eV averaged over the 2PPE results for all four graphene-covered surfaces. This value is slightly below the value of 4.50 eV found for graphene on noble-metal surfaces [9, 10, 13] and in calculations [50, 51] . On the other hand, the error is obviously larger for the hydrogen-intercalated samples, possibly reflecting variations in the hydrogen coverage. The values of the non-intercalated samples show less scatter and agree better with the expected value of 4.50 eV. Figure 5 shows on the right ordinate the energy of the Dirac point adopting the energy difference of 4.50 eV from the previously cited work. The agreement between work function data and Diracpoint energies is good for pristine graphene, and less satisfying for QFG. However, the qualitative trend predicted by the capacitor model with negligible chemical 
Summary and conclusions
We observed a series of image-potential states of graphene on silicon carbide. Their binding energies are described by a Rydberg-like formula but are larger than at bulk metal surfaces. We cannot confirm the splitting of the image-potential series observed in other studies [6, 17] . Our results can be explained by signals from domains of different height. From the series limit we are able to extract a local work function of 4.05 eV for monolayer graphene in the presence of surface inhomogeneities. As a result of n-type doping this value is below the one for freestanding graphene [50, 51] . The lifetimes of the image-potential states are approximately quadratic in quantum number with τ n = (n + a) 2 × 12 fs. For BLG we observed only the first image-potential state. Its intensity is significantly reduced compared to monolayer graphene, since the overlap between the image-potential state and the metallic buffer layer, which provides the initial states in the applied pump-and-probe scheme, is reduced in BLG. In QFG, these initial states are completely missing. As a result the 2PPE signal from the image-potential states is absent. The work function determined from the low kinetic energy cutoff in the spectra shifts with the energy of the Dirac point and follows the dependence from a capacitor model of the charge transfer. Consequently the electronic structure for weakly coupled graphene including the vacuum level is rigidly shifted by doping. The binding energy of imagepotential states increases only slightly with increasing work function [13] . A direct excitation of the imagepotential states from the σ bands of graphene is not possible with the photon energies used in 2PPE and cannot be achieved by a suitable doping of graphene. To study the electron dynamics of image-potential states in QFG one has to revert to time-and angleresolved photoemission using photon energies around 6 eV. This technique is hampered by a significant onephoton photoemission background as seen in the measurements of figures 1 and 4 with photon energies slightly above the work function.
